Quantum-dot infrared photodetectors (QDIPs) are positioned to become an important technology in the field of infrared (IR) detection, particularly for high-temperature, low-cost, high-yield detector arrays required for military applications. High-operating temperature (≥150 K) photodetectors reduce the cost of IR imaging systems by enabling cryogenic dewars and Stirling cooling systems to be replaced by thermo-electric coolers. QDIPs are well-suited for detecting mid-IR light at elevated temperatures, an application that could prove to be the next commercial market for quantum dots. While quantum dot epitaxial growth and intraband absorption of IR radiation are well established, quantum dot nonuniformity remains as a significant challenge. Nonetheless, state-of-the-art mid-IR detection at 150 K has been demonstrated using 70-layer InAs/GaAs QDIPs, and QDIP focal plane arrays are approaching performance comparable to HgCdTe at 77 K. By addressing critical challenges inherent to epitaxial QD material systems (e.g., controlling dopant incorporation), exploring alternative QD systems (e.g., colloidal QDs), and using bandgap engineering to reduce dark current and enhance multi-spectral detection (e.g. resonant tunneling QDIPs), the performance and applicability of QDIPs will continue to improve.
push the boundaries of state-of-the-art performance, particularly in the mid-IR wavelength range [17] . Low dark current [11, 18, 19] , multi-spectral response [16, 20, 21] , highdetectivity [22] , high-temperature photodetection [23, 24] , and IR imaging [25] [26] [27] [28] have been demonstrated in QDIPs.
THE STANDARD INAS/GAAS QDIP

Overview of device operation
InAs quantum dots are embedded in a wider-bandgap matrix material (GaAs) by epitaxial overgrowth. Depending on the band-lineup of the QD and matrix materials, QD confinement barriers are created in the conduction and/or valence bands, thereby providing a mechanism for quantum confinement in addition to the nanoscale QD size. These confinement barriers are important in that, when combined with selective carrier occupation through doping, the independent control of electron and/or hole populations is enabled. A typical InAs/GaAs QD conduction band diagram under flat-band conditions is shown in Fig. 1 . The QDIPs are unipolar devices and use electrons for charge transport in the InAs/GaAs material system. Free electrons are provided by doping (typically Si) to occupy bound states of the QD. The standard InAs/GaAs QDIP device heterostructure, shown in Fig. 2 , comprises a QD active region with top and bottom doped n-type contact layers. The QD active region typically comprises 10-30 InAs QD layers separated by large GaAs barriers to prevent the propagation of strain through the heterostructure. Device fabrication techniques include standard photolithography, metallization, and wet-etching to process two-terminal devices in a vertical configuration. When IR photons impinge on the QDIP, photo-excited carriers escape from the QD so that they can be collected as photocurrent. Once photoexcited carriers are in the continuum, they can experience several additional processes, such as: (i) drift in the continuum under the influence of an electric field, (ii) capture into the excited state of either the same QD or a different one, and (iii) collection at a device contact. 
Strained-layer epitaxy of Stranski-Krastanow InAs/GaAs quantum dots
Molecular beam epitaxy (MBE) routinely enables excellent control over quantum confinement in the z-direction (growth direction). The challenge is to provide quantum confinement in the lateral direction. Several fabrication and growth techniques have been investigated for obtaining lateral confinement of the device active region. For example, quantum well structures have been patterned using lithographic and etching techniques, growth has been conducted on patterned substrates or substrates with preferred crystallographic planes. Currently, the most successful approach to achieve defect-free, multiple-layer, high-density, QD ensembles is the heteroepitaxy of coherently-strained, selfassembled islands [29] [30] [31] [32] [33] [34] [35] , a process referred to as the Stranski-Krastanow (S-K) growth mode [36, 37] .
The S-K growth mode is a form of strained-layer epitaxy and is limited by both strain energy and dislocation formation energy. In other words, for a lattice mismatch in the range from 1.8-10%, it is possible to grow a pseudomorphic, two-dimensional epi-layer, or wetting layer, that is lattice matched to the substrate for very small thicknesses. Beyond some critical thickness, the strain energy in the system is relaxed by the formation of misfit dislocations at the epi-layer/substrate interface. However, as long as the epi-layer is below the critical thickness, the strain is absorbed coherently and minimal dislocations are produced by the formation of coherently-strained, three-dimensional islands on the epi-layer surface [38] .
For growth along [100] direction in the InAs/GaAs QD system, that lattice mismatch is ~ 7% and the self-assembled QDs can be lens-or pyramidal-shaped [39] . The typical InAs growth rate is 0.1 monolayer (ML)/sec, and the GaAs substrate temperature is usually cooled to 500 °C. The wetting layer thickness in the InAs/GaAs QD system is 1.7 ML, where 1 ML ∼ 2.83 Å for III-V materials. The transition from the two-dimensional wetting layer to threedimensional islands is observed using in-situ reflection high-energy electron diffraction (RHEED), in which a streaky pattern gives way to a spotty pattern when QDs begin to form. Once this transition is observed, InAs overgrowth occurs for 2-5 seconds to provide enough InAs charge (2.2 ML) for pyramidal QDs, and a 30 second growth-interrupt pause is used to allow the complete formation of QDs. After this pause, an intrinsic GaAs cap layer (∼ 25-60 nm) is grown on top of the InAs QDs, thereby completing the QD potential barrier. This sequence of growth is repeated to achieve a specified number of QD layers. Typically, the QDs are directly-doped with silicon in order to provide free electrons for photoexcitation, and the carrier concentration ranges from 0.5-1x10 18 cm -3 . The doping density provides two electrons per dot for typical InAs/GaAs QD surface densities. For typical growth parameters, an ensemble of InAs/GaAs QDs has lateral sizes from 15-25 nm and heights from 5-8 nm. The surface density of InAs/GaAs QDs ranges from 10 9 -10 11 cm -2 . An atomic force microscopy image of an ensemble of InAs/GaAs QDs grown by MBE at 500°C at a rate of 0.1 ML/s is shown in Fig. 3 , where the QD surface density is estimated to be 1x10 11 cm -2 . 
Intraband absorption in QDs
The first observation of intraband absorption in InAs/GaAs QDs [40] reported absorption in the 13-15 µm spectral range. In general, there are two types of intraband transitions that can originate in the QD: (i) bound-to-bound transitions in which ground state electrons are photoexcited to the excited state of the QD and (ii) bound-to-continuum transitions in which an electron in the ground-or excited-state is photoexcited out of the QD into the continuum of energy levels near the barrier bulk material band-edge.
The absorption coefficient is an important quantity for determining the applicability of a given QD active region to the detection of IR light. It is clear that as the dimensionality of the active region is reduced, the energy levels and density of states become quantized and the electron distribution is maximized near the conduction band-edge. However, the QD absorption spectrum is generally broad due to the size variation of QDs. In fact, QDIPs experience a tradeoff between absorption strength and absorption linewidth. This trade-off occurs because the size of QDs varies spatially such that the density of states is actually represented by inhomogeneously broadened δ-functions in a Gaussian distribution. For example, a perfectly uniform QD ensemble will have large peak absorption and a narrow absorption linewidth since all the dots experience peak absorption at the same wavelength. However, a non-uniform QD ensemble will have reduced peak absorption and a broad absorption linewidth since many dots with varying sizes experience peak absorption at different wavelengths. Thus, the peak absorption coefficient, α (measured in cm -1 ), is inversely proportional to the density of states inhomogeneous Gaussian linewidth, σ (measured in meV) [41] .
Another important aspect of intraband absorption in QDs is related to the polarization selection rules for incident radiation. In conjunction with the polarization of the electric field, the momentum matrix element determines the selection rules for permitted transitions in which photons are absorbed. An optical transition is forbidden if the dot product between the electric field polarization and the momentum matrix element is zero, since the resulting transition rate would equal zero. The momentum matrix element for intraband transitions is calculated using the electron wavefunctions determined by the 8-band k⋅p model in pyramidal QDs. The 8-band k⋅p theory is used to determine the electronic bandstructure in semiconductor heterostructures near the band-edge only. An important advantage of this approach is the consideration of remote bands (nearest eight bands with sufficiently small energy differences from the given state [42] ), which is particularly important for strained systems such as QD heterostructures. In fact, it has been demonstrated experimentally that the large built-in strain of InAs/GaAs QDs causes a significant change in the properties of the electronic bandstructure. For example, the bandgap of InAs/GaAs QDs has been measured to be ~ 1.05 eV, even though the intrinsic bandgap of bulk InAs is 0.4 eV [39] . In QD devices, the polarization selection rules are relaxed compared to quantum wells, and lateral-or normal-incidence IR light may be used for intraband transitions to occur. This flexibility results from the fact that QDs experience three-dimensional quantum confinement, and therefore conserve momentum for intraband transitions in any direction.
Challenges of InAs/GaAs QDIPs: dopant incorporation
While the three-dimensional quantum confinement of the active region in QDIPs is expected to provide many advantages, in practice, it has been a challenge to meet all of these expectations. This discrepancy between predicted and realized advantages is due in large part to the epitaxial growth mechanism of QDs. In fact, one of the most significant consequences of the S-K growth mode is the random fluctuation of dot size, material composition, and doping. This non-uniformity of QDs leads to an inherently large full-width half-maximum (FWHM) linewidth (~50 meV) for transitions in a QD ensemble.
This large, inhomogeneously broadened linewidth has a deleterious effect on QDIP performance; especially the dark current and spectral response (bound energy level spacing). The S-K growth mode also introduces challenges due to the build-up of strain for repeated dot layers. By improving QD uniformity, the linewidth of the QD ensemble should decrease, thus increasing the absorption coefficient and detector efficiency and improving the performance of QDIPs. Thus the uniform epitaxial growth of QD heterostructures is one of the most important issues related to obtaining state-of-the-art performance in QDIPs and to establishing QDIPs as a mature technology.
QDIP performance could be improved (higher operating temperature and multi-spectral response) by exerting better control over dopant incorporation in QDs. For higher dopant densities, the dark current increases since electrons occupy excited-state energy levels in QDs, enabling these carriers to contribute to the noise in the device more easily by thermionic emission or field-assisted tunneling. For lower dopant densities, the absorption efficiency decreases since there are fewer electrons in the QD ground state available for photoexcitation. For these reasons, it is customary to design QDIPs with doping such that there are approximately two electrons per QD ground state [43] . However, it is not clear how to actually achieve this doping level during growth.
Different doping techniques, doping positions, and doping concentrations have been investigated to optimize QDIP performance [4, 13, [44] [45] [46] [47] [48] [49] [50] [51] [52] . An important issue to be addressed is that QDIPs demonstrate higher dark currents, lower activation energies (minimum energy required for an electron to escape from QD), and lower operating temperatures than that predicted theoretically. It has been suggested that this discrepancy is due to defect-assisted, sequential resonant tunneling in Si-doped, InAs/GaAs QDIPs [51, 53] . These dopant-induced defects, known as donor-complex-defect (DX) centers, are thought to exist deep within the bandgap [54] [55] [56] . However, Si-induced DX centers in GaAs have multiple, metastable states above the GaAs conduction band edge [57] , thereby reducing the feasibility of sequential resonant tunneling from InAs QD states deep within the GaAs bandgap. Nonetheless, the DX center metastable states in GaAs can be occupied by electrons that are energized by an external field [58, 59] . Therefore, the observed reduction in QDIP activation energy could be related to a dipole field between positively charged DX centers and electrons in QDs that induces tunneling from confined energy levels in the QD. Therefore, electrons can escape with much smaller activation energies in doped QDIPs.
DX centers in GaAs due to Si-doping have been shown to exist by photocapacitance-time spectra, which demonstrate quenching in the presence of DX center metastable states [60] . Variable temperature (35-300 K) dark current-voltage measurements have been used to determine the QD (doped and undoped) activation energy as a function of bias voltage by the use of Arrhenius plots [60] . For doped QDs, there is a dramatic decrease in the activation energy with increasing bias compared to undoped QDs. In fact, three bias-dependent regions can be defined for the activation energy of the doped QDs. In Region I, the QD activation energy is dominated by thermal activation from the InAs QD to the GaAs conduction band edge. In Region II, the activation energy of the doped samples experiences a dramatic decrease due to a dipole field formed between DX centers and electrons in the QDs. In Region III, the dipole field becomes the dominant factor in electron transport. This DX center, dipole-induced tunneling mechanism has a profound effect on dark current, and its identification should lead to better understanding of QDIP device performance [60] [61] [62] .
MID-INFRARED QDIPS: A NICHE MARKET
Despite the challenges associated with QDIPs, these detectors possess two important characteristics that motivate their investigation and distinguish them from state-of-the-art thermal detectors (such as microbolometers) and low-bandgap photodiodes (such as HgCdTe). First, while thermal detectors operate at room temperature and are inexpensive, lightweight, and commercially available; IR photodetection is still preferred for advanced applications requiring high spectral resolution and fast modulation response, such as military IR signature analysis. Second, low bandgap semiconductors, such as HgCdTe, are inherently soft and brittle. Thus, it can be difficult to epitaxially grow and fabricate IR photodetectors with low-bandgap, bulk material active regions, and the yield of these devices tends to be low. Compared to HgCdTe bulk photodiodes, QDIPs are particularly well-suited for detecting multiple wavelengths of light simultaneously in a single device heterostructure, thereby increasing the spectral resolution; and QDIPs have a faster response to changing input since the carrier lifetime is not limited by diffusion (which is typically a slow mechanism). Thus, the demonstration of a multi-spectral QDIP at high operating temperature with fast modulation response and device characteristics comparable to HgCdTe bulk photodiodes constitutes a performance threshold to justify commercialization. According to these criteria, research conducted to date demonstrates that QDIPs have the potential to fulfill a niche market in high-temperature (≥150 K), mid-IR (3-5 µm) photodetection.
State-of-the-art performance in InAs/GaAs QDIPs
State-of-the-art performance in InAs/GaAs QDIPs has been demonstrated for single devices and arrays [11, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Important figures of merit for single devices include dark current density, peak responsivity, and peak detectivity. These device characteristics must meet given specifications to ensure compatibility with a silicon read-out integrated circuit (ROIC) in the fabrication of focal plane arrays (FPAs). Furthermore, the QDIP operating temperature is important to consider because it motivates the investigation of QD active regions. Therefore, as an example of state-of-the-art performance in the mid-IR, the figures of merit for a 70layer InAs/GaAs QDIP are presented [24, 46] . The large number of QD layers in this device served to increase IR absorption, and GaAs barriers (≥ 50 nm) were required to reduce dislocation propagation in the large QD stack. Table 1 shows the measured QDIP performance at 150K (for peak spectral response at 4.7 µm) and the required QDIP performance for mid-IR FPA fabrication at JPL using a (350x256) Si ROIC manufactured by Indigo Systems. It is important to note that the dark current and peak responsivity requirements were met. In the case of the peak detectivity, the largest QDIP value obtained (~ 10 10 cm Hz 1/2 /W) was two orders of magnitude below the desired value. However, this performance at high operating temperature, which is comparable to HgCdTe photodiodes, helped establish InAs/GaAs QDIPs as a viable technology for IR FPAs. State-of-the-art array performance has been demonstrated by IR imaging using QDIP FPAs [26] [27] [28] . Some of these FPAs feature QD material systems other than InAs/GaAs, and these active regions are discussed in the following section. Table 2 shows important QDIP FPA figures of merit for three different array demonstrations. 
MOVING BEYOND THE STANDARD INAS/GAAS QDIP
Alternative QD material systems
While the InAs/GaAs QD is a fundamental material system upon which much progress has been made in QDIP performance, there are many other material options for use in these devices. In fact, an important advantage of the QDIP is that the device spectral response can be tuned throughout the IR spectrum (from ∼50 to 500 meV) by varying the QD heterostructure [66] [67] [68] [69] [70] [71] [72] . One variation of InAs/GaAs QDs involves including Ga in the InAs QD and/or Al in the GaAs barrier [6, 46, 73, 74] . AlGaAs is advantageous as a barrier material due to its larger bandgap that helps reduce dark current. Also, In 0.4 Ga 0.6 As/GaAs QDs have been used in three-color QDIPs, demonstrating IR responses at 3.5, 7.5, and 22 µm for different bias voltages [21] . Other III-V material systems under investigation include InAs/InP QDs [75] and InAs/InAlAs QDs [76] grown on InP substrates and InGaAs/InGaP QDs grown on GaAs substrates [77] . Recent results have demonstrated a mid-IR QDIP (4.7 µm) using In 0.68 Ga 0.32 As/In 0.49 Ga 0.51 P QDs grown on GaAs substrates by MOCVD [78] . The device performance demonstrated peak responsivity of 1.2 A/W amd specific peak detectivity of 1.1x10 12 cmHz 1/2 W -1 at 77 K. This high performance is credited to the reduction of relaxed QDs in the active region and the optimization of doping. Intraband transitions in the IR have also been observed for Ge/Si QDs [79] [80] [81] . These boron-doped devices use holes trapped in the QD valence band for the photogeneration of carriers, and the characterization of Ge/Si QDIPs indicates they may be an important technology for far IR detection (> 14 µm) [82] [83] [84] [85] .
QDIP bandstructure engineering
In addition to changing the QD material system, another option is to engineer the QDIP bandstructure to strategically enable different device capabilities. For example, a common feature in state-of-the-art InAs/GaAs QDIPs is the AlGaAs current-blocking barrier layer directly beneath the top ohmic contact. In this way, significant reductions in dark current have been achieved because the AlGaAs barrier blocks thermionic emission [11, 12] , and the operating temperature of QDIPs has increased. Two additional examples of bandstructure engineering include dot-in-a-well (DWELL) and resonant-tunneling (RT) heterostructures. InAs QDs embedded in strain-relieving InGaAs quantum wells are known as DWELL heterostructures [86] . The interaction between these quantum-confined structures and the modified strain effects within the quantum dot serve to provide alternate intraband energy transitions. InAs/In 0.15 Ga 0.85 As DWELL systems have been successful in detecting LWIR light [16] . QDIPs using DWELLs not only permit greater control over detection wavelength tunability [87] , but they have also demonstrated excellent device performance [88] .
RT-QDIPs use resonant tunneling filters to selectively block dark current while transmitting photocurrent [19, [89] [90] [91] [92] . When the thickness and position of a double AlGaAs barrier are properly designed around a QD layer, the electron tunneling probability is approximately 1 at a particular energy corresponding to the desired peak detection wavelength. At the same time, the tunneling probability is several orders of magnitude lower for energies that are several meV removed from the peak energy. Thus, since dark current is due to electrons with a broad energy distribution, the dark current will be significantly reduced by the resonant tunneling filter. The RT-QDIP has demonstrated a significant improvement in terms achieving high operating temperatures, demonstrating device operation at temperatures as high as 300 K.
RT-QDIPs are especially promising as far-IR and terahertz photodetectors due to the suppression of dark current at higher operating temperatures [93, 94] . A RT-QDIP using an In0.6Al0.4As/GaAs QD active region has demonstrated spectral response peaking at 50 µm, with peak responsivity of 0.45 A/W and specific detectivity of 10 8 cm Hz 1/2 /W (bias = 1 V) [94] . While this device performance was obtained at 4.6 K, THz spectral response was observed at temperatures as high as 150 K. It is also interesting to note that RT-DWELL-QDIPs have been demonstrated, yielding a reduction in dark current by two orders of magnitude and an increase in peak detectivity by five times compared to a DWELL control device [95] .
Colloidal QDIPs
A fundamentally different approach to QDIPs is to use an active region with threedimensional quantum confined semiconductor nanoparticles synthesized by inorganic chemistry [96] . As an example, Fig. 4 shows a planar transmission electron microscopy image of CdSe/CdS nanoparticles, demonstrating the typical size and shape. These nanoparticles, also known as colloidal QDs, could improve QDIP performance compared to epitaxial QDs due to: (i) control over colloidal QD synthesis and ability to conduct size-filtering, leading to highly-uniform ensembles, (ii) spherical shape of colloidal QDs, simplifying calculations for device modeling and design, and (iii) greater selection of active region materials since strain considerations that dominate the growth of epitaxial QDs are eliminated. Typically, colloidal QDs are applied to optoelectronic devices as conducting-polymer/nanocrystal blends, or nanocomposites [97, 98] . Colloidal QD solids have also been investigated [99, 100] . For IR photodetector applications, nanocomposites often feature narrow-bandgap, II-VI, PbSe or PbS colloidal QDs. IR photodetectors that have been reported using colloidal QDs embedded in conducting polymer matrices, such as poly[2-methoxy-5-(2-ethylhexyloxy)-1,4phenylenevinylene] (MEH-PPV), demonstrate photodetection in the near-IR regime (1-3 µm) corresponding to the semiconductor nanocrystal bandgap energy [101] [102] [103] [104] . Colloidal QD photodetectors typically comprise a single nanocomposite layer deposited on a glass slide by spin-casting, and large-area, two-terminal, vertical devices are fabricated using p-(indiumtin-oxide) and n-type (aluminum) contacts, as shown schematically in Fig. 5 for a PbS/MEH-PPV nanocomposite. It is important to note that colloidal QD nanocomposites exhibit subtle differences compared to epitaxial QDIPs. First, intraband transitions are not exploited. Instead, bipolar, interband (or excitonic) transitions across the colloidal QD bandgap contribute to the photoresponse of the detector. In addition, since colloidal QDs are electron acceptors and the polymers are typically hole conductors, the photogenerated excitons are dissociated at the QD/polymer interface. Thus, photoconduction through the nanocomposite occurs as electrons hop among QDs and holes transport through the polymer. This IR photodetection mechanism is shown schematically in Fig. 6 . 
CONCLUSIONS
QDIPs are positioned to become an important technology in the field of IR detection, particularly for the type of high-temperature, low-cost, high-yield detector arrays required for the military and other highly sophisticated applications. State-of-the-art mid-IR detection at 150 K has been demonstrated using 70-layer InAs/GaAs QDIPs, and QDIP FPAs are approaching performance comparable to HgCdTe at 77 K. In particular, QDIPs have the potential to fulfill a niche market in high-temperature mid-IR photodetection, and it is reasonable to consider incorporating these devices into IR camera systems. By addressing critical challenges inherent to epitaxial QD material systems, such as controlling dopant incorporation, and by exploring alternative QD systems, such as colloidal QDs, the performance and applicability of QDIPs can be enhanced even more.
